Acridine orange (AO) trapping in conjunction with fluorescence microscopy was applied toPammecium cells. Trichocysts were not labeled when analyzed with an image intensification system (as opposed to a lysosomal population). Only with increasing intensity of ultraviolet light (UV) did trichocysts (and to some extent the cytosol) exhibit orange fluorescence, both effects being paralleled by inaeasing cell damage. Therefore, in comparison with the reported cytosolic pH (6.8), trichocysts cannot be considered as essentially acidic compartments. This is supported by experiments in vitro, using isolated cortex fragments or isolated fractions of membrane-bounded trichocysts (390% non-leaky). Again, during w illumination orange fluorescence was observed even in the absence of ATP and Mg2'. Furthermore, this A0 fluorescence and the condensation state of trichocyst contents were not affected by N H 3 or by any of the widely differing ionand H+-exchange inhibitors or ionophores tested. Decondensation of trichocyst contents occurred only when Ca2+ ionophore A23187 or X537A was incorporated into trichocyst membranes and when Ca2+ was then added. In this case all trichocysts partially decondensed within their intact membranes. We conclude that A 0 might be trapped in trichocysts by the abundant acidic secretory components during observation with uv light, rather than by acidic luminal pH. ( J Hisrochem Cyrochem 40953-160, 1992) 
Introduction
The use of the membrane-permeable, pH-sensitive fluorescent dye acridine orange (AO), as well as some other dyes, has provided ample evidence for different organelles being acidic compar-ments with a pH of 5-6. A0 is trapped by protonation, thus assuming on uv excitation green (less acidic) to orange (more acidic) fluorescence of increasing intensity (Anderson and Orci, 1988; Maxfield, 1985; Lee et al., 1982) . Using A0 or related compounds, an acidic pH could be visualized within different intracellular compartments (Anderson and Orci, 1988; Mellman et al., 1986; Maxfield, 1985) , including lysosomes (Allison and Young, 1969) and several secretory organelles, e.g., chromaffin granules (Salama et al., 1980) , pancreatic zymogen granules (Lebel et al., 1988; DeLisle and Hbpfer, 1986) , parafollicular secretory granules (Barasch et al., 1988) , and granules in sea urchin eggs (Lee et al., 1982) . However, some other secretory vesicles were found to be only slightly acidic (neurohypophysis: Saermark, 1989) or not acidic at all (parotis: Arvan and Castle, 1986; Arvan et al., 1984) .
Trichocysts, the specialized secretory organelles of Paramecium (Adoutte, 1988; Bannister, 1972) , have also been reported to have a low luminal pH (Busch and Satir, 1989; Garofalo and Satir, 1984 On the other hand, in Paramecium only certain lysosomal compartments could be fluorescently stained with A0 by Allen and Fok (1983) , as confirmed by Kersken et al. (1986) . The pH in trichocysts should therefore not be remarkably below that in the cytosolic compartment of Paramecium, which is reported to be 6.8 (Umbach, 1982) .
A low pH in the trichocyst lumen has been inferred to contribute to stimulus-secretion coupling (Satir, 1989; Satir et al., 1988) . Therefore, we have now analyzed in more detail the uptake of A0 under different experimental conditions both in vivo and in vitro.
In pilot experiments using isolated membrane-bounded trichocysts, various agents, including NH3, ATP ( +Mg2+), ion-exchange inhibitors, or ionophores, were tested for their effects on A 0 trapping and decondensation of trichocyst contents (severalfold stretching as during exocytosis) (Plattner, 1987; Steers et al., 1969) . We could not find, either in vivo or in vitro, any of the effects to be expected if trichocysts were remarkably acidic compartments. We conclude that A0 is trapped by the predominantly acidic secretory proteins (Tindall et al., 1989; Adoutte et al., 1980) when their subtle arrangement within the organelle (Adoutte, 1988; Peterson et al., 1987) has been disturbed by w irradiation.
Materials and Methods
Paramecium fetraurefza cells were grown to early stationary phase as prwiously described (Glas-Albrecht and . Wild-type (7s. 25-C) and nd9. 28°C mutants (Beisson et al., 1976) . grown axenically or monoxenically (Enterobmter aerogener), were used. Since our results were the same for all strains (monoxenic cultures being slightly more sensitive to w irradiation), no further distinction will be made. For A 0 trapping in situ. cells were washed in 5 mM Pipes (piperazine-N,N-bis[ 2-ethanesulfonic acid]) buffer (disodium salt, 1 mM Ca". 1 mM KCI, pH 7). exposed to A 0 (Merck; Darmstadt, FRG) in 10 mM Tris (tris[hydroxymethyl]aminomethane)-HCI (+0.1 mM CaCIz. pH 7), usually for up to 3 min.
Cortex fragments were prepared and exocytosis was eventually triggered in vitro according to Lumpert et al. (1990) after exposure to A 0 ( 2 3 min). In brief, cortices were contained in 5 mM Tris-maleate, pH 7. containing 10 mM MgC12 and M free Ca2' (measured as indicated by Lumpert et al.. 1990 ). To induce exocytosis in vitro, cortices were exposed to the same buffer with free CaZ' equals lo-> M, but with 50 mM KCI and only 0.5 mM MgClz (Lumpert et al., 1990) .
Isolated membrane-bounded trichocysts were prepared according to Glas-Albrecht and . Membrane integrity was tested by adding 2 5 mM CaC12. which causes only leaky trichocysts to decondense (Glas-Albrecht and Lima et al., 1989 : Bilinski et al., 1981 . For further tests, trichocysts were suspended in 5 mM PipeslKOH buffer, pH 7, containing 5 mM KCI and 5 mM MgC12 in the presence of 10" M free Ca2*.
Effects of Different Compounds on Isolated Trichocysts. This was analyzed in pilot experiments under light microscopic control to register A 0 trapping andlor any possible decondensation of trichocyst contents. The following agents were tested (maximal concentrations indicated, yet used down to micromolar concentrations, at pH 7, unless indicated otherwise): 21 mM ATP (Sigma; St Louis, MO) in the presence of 5 mM Mg2*. (see above), <lo-' M N&CI (pH 6 or 7), 6 1 mM-1 pM monensin (Sigma), 610 mM-1 pM (pH 5.6, or 7) amiloride (Sigma), 610 mM-1 pM dimethylamiloride (a gift from Dr. T. Kleyman, University of Pennsylvania. Philadelphia, PA), 60.1 mM-1 pM doxorubicin (Sigma), 60.1 mM gramicidin A, 6 1 mM valinomycin (Sigma), as well as the CaZ+ ionophores X537A (60.02%) from Hoffman-LaRoche (Nutley. NJ) and 620 pM A23187 (Hoechst; Somerville. NJ). both by 25 min incubation at 28'C and followed by addition of 2 5 mM CaCIz. A 0 was added before or after these agents. CaClz per se had no effect, except for the decondensation of leaky trichocysts (-10% or less: see above), as did up to 50 mM Cl-. The lowest concentrations tested with each compound (except for X537A and ,423187) were micromolar. Gramicidin A, valinomycin, X537A. and A23187 were dissolved in DMSO and monensin in ethanol, which, both at a final concentration of 0.5% vlv, had no effect.
A 0 Fluorescence. A 0 was added to the respective media at a concentration of 10 pM. Samples were observed with Nomarski interference contrast or, to visualize A 0 trapping, in the fluorescence mode using a Zeiss Photomicroscope I1 with an oil-immersion lens type Planapo 63 x , aperture 1.4. The filter set used was G 436, FT 510, and LP 520. Documentation was performed with Ilford HP5 film (400 ASA) under controlled exposure conditions. Alternatively, to achieve an irradiation dose orders of magnitude below that required for standard conditions, AO-incubated samples were evaluated with the same equipment, but complemented with a Moonlight camera WV-1990, a Panasonic image intensifier, a Sony PVM-122 CE videomonitor. and a Sony VO 5800 PS videotape recorder . In some cases samples were analyzed for longer time periods with the image intensification system and then under standard conditions, whose effects on A 0 trapping could thus be analyzed. In experiments on the effects of drugs on isolated trichocysts, A 0 was added either before or after drug application (with the same result).
Results

Experiments with Cells
Whole cells incubated with A 0 for 3 min and analyzed (immediately or several min after switching to UV) with an image intensifier system revealed no fluorescence of trichocysts, either free in the cytoplasm or docked at the cell membrane ( Figure 1 ). Only vesicles of a size between 0.15-2.5 pm9 probably members of the lysosomal system (Allen and Fok, 1983) . showed orange fluorescence throughout their contents (Figure 1 ). The same picture also emerged without image intensification, but only when uv exposure did not last too long, e.g., only a few seconds (not shown).
When we observed AO-incubated cells in uv under standard I conditions (i.e., without image intensification) for up to 3 min (Figure 2) . we recognized increasing orange fluorescence labeling of the cytosolic compartment and, more intensely, of trichocysts, free or docked. With increasing irradiation time an outer cortical layer of <5 pm lost its fluorescence ( Figure 2b ) and cells started blebbing after >3 min (not shown). Within bona fide lysosomal compartments, A 0 staining then became restricted to the vesicle outlines.
Under no conditions could we recognize any A 0 fluorescence with discharged trichocysts, in cilia, or within the osmoregulatory vacuoles (Figures 1 and 2) . A certain number of large digesting vacuoles were also devoid of any A 0 fluorescence ( Figure 2 ). All this is in perfect agreement with data presented by Allen and Fok (1983) .
When cells were disrupted for preparation of cortex fragments and then exposed to AO, most trichocysts revealed A 0 fluorescence (Figure 3a) . When exocytosis was triggered in vitro (see Materials and Methods), we observed the following phenomena ( Figure 3b ): (a) labeled trichocysts remained either undischarged or discharged; (b) the same was true for unlabeled trichocysts; and (c) after discharge labeling always disappeared. The first two aspects imply that A 0 labeling is not correlated with the capability for exocytosis. Another aspect is that A 0 trapping in trichocysts of cortex fragments is unlikely to be due to an H+ gradient maintained by an H+ pump, since A 0 staining occurred in the absence of ATP in such samples M, i.e., below detection limit: Vilmart-Seuwen et al., 1986) even over long time periods.
Experiments with Isolated Trichocysts
The same argument also held for the A 0 fluorescence obtained in pilot experiments with membrane-bounded isolated trichocysts not supplemented with ATP ( +Mg2+) ( Figure 4 ; Table 1 ). Furthermore, addition of ATP (+ Mg2') had no effect. In our experiments with intact trichocysts we also used different inhibitory drugs (in certain cases under different external pH and ionic conditions) to envision are alleged low pH (Busch and Satir, 1989; Garofalo and Satir, 1984) in conjunction with the very high Na+, the moderate K+ (Schmitz and Zierold, 1989) , and the very low Ca2+ content (Schmitz and Zierold, 1989; Bilinski et al., 1981) in trichocysts. On the basis of these reported data we also applied NHKI, the Na'/H+-exchanger monensin, the Na+/H+ exchange inhibitor miloride or its more specific dimethyl derivative, the Na'/Ca2'exchange inhibitor doxorubicin, the ionophores gramicidin A (for monovalent cations, including Na+), valinomycin (for K+), the less specific Ca2+ ionophore X537A, and the more specific compound A23187 (Ca*/H+ exchanger). Results are summarized in Table 1 . appearance (condensed state) and A 0 fluorescence staining (orange) of isolated trichocysts remained unchanged with all these agents (doxorubicin being autofluorescent), when applied over a wide concentration range (see Materials and Methods). The only exceptions were CaZ+ ionophores. Both compounds used, X537A and A23187, caused the secretory contents to decondense within the membrane envelope when Ca2+ was added after the incorporation of these ionophores into trichocyst membranes. Orange A 0 fluorescence persisted although with diminished intensity, probably due to the expansion of the contents (Figure 4C) .
A 0 added to trichocysts without a membrane, condensed or decondensed. did not cause any fluorescence (not shown).
On the basis of all this evidence it is therefore likely that some soluble components of trichocysts (which become accessible to A 0 binding during w irradiation, but which are lost during demembranation) might account for A 0 trapping, rather than a low intravesicular pH.
Discussion
There is now considerable discrepancy concerning the pH within trichocysts (see Introduction). Thus far, according to A 0 staining experiments, an acidic pH has been reported only by one group (Busch and Satir. 1989; Garofalo and Satir, 1984) , who have also suggested a role in stimulus-secretion coupling (Satir, 1989; Satir et al., 1989) .
In contrast to this, the following aspects of trichocyst organization appear well established. (a) Trichocyst contents comprise insoluble proteins ("trichynins") (Adoutte, 1988; Steers et al., 1969) and some soluble (glyco-) proteins . (b) Secretory proteins of trichocysts, as far as analyzed up to now, are acidic (PI 4.5-7) , (Tindall et al., 1989; Peterson et al., 1987; Adoutte et al.. 1980) . (c) A high Na+ and a moderate K' content, but no Ca*+, are detectable by X-ray microanalysis on frozen sections (Schmitz and Zierold, 1989) . (d) Trichocyst contents decondense (severalfold expansion) during exocytosis (Sperling et al., 1987; Bilinski et al., 1981; Bannister, 1972; Steers et al., 1969) . (e) Decondensation can be induced by Ca2* >lo-' M (Matt and Plattner, 1983; Bilinski et al., 1981 ). (f) A low pH of G5.5 reduces decondensation (Matt and Plattner, 1983) .
On the basis of these aspects we have now analyzed in more detail the mechanism of A 0 staining of trichocysts. Using low-dose I Figure 4. Isolated membrane-bounded trichocysts in (a-c) phase contrast or (a'+') showing A 0 fluorescence. (a#) A 0 only; (b,b') 1.5 x  M monensin (25  min), followed by AO; (c,c') 20 pm A23187 (25 min) . followed by 5 mM Cat212 and AO. Note the partial decondensation (asterisk) of most trichocysts in c and C: while some are totally condensed or decondensed. Original magnification x 1200. Bar = 10 pm. uv in conjunction with image intensification, we found no evidence that the organellar p H would be below that in the cytosolic compartment (Umbach, 1982) . Rather, we came to the conclusion that uv irradiation causes cell and organelle damage and subsequent A 0 trapping. This agrees with the fact that acidic proteins, as abundantly present in trichocyst contents (see above), notoriously trap weak fluorescent bases (as does DNA in nuclei) and thus interfere with AO-based p H assays (Maxfield, 1985) . In our case this phenomenon increases in the course of w irradiation (Figures   1 and 2) . It might be explained by dissociation of protein components, which otherwise display a finely tuned but reversible arrangement in trichocysts (Peterson et al., 1987) . In fact, such a destabilizing effect of w on protein assemblies has been observed only quite recently with microtubules (Vigers et al., 1988) . Simultaneously with trichocyst staining, A 0 staining of the cytosol increases (Figure 2) , as in the micrographs presented in the literature (Busch and Satir, 1989; Garofalo and Satir, 1984) -an aspect clearly indicating cell damage. We agree with Allen and Fok (1983;  see also Fok and Allen, 1988 ) that originally only vesicles, probably of the lysosomal apparatus, trap A 0 owing to a luminal acidic pH. With higher uv doses (as applied in some other investigations) these vesicles continue to fluoresce only along their outlines (Figure 2 ), whereas they are fully fluorescent with image intensification (Figure 1 ). Therefore, lysosomal leakage might be a source of increasing fluorescence in the cytosol and in trichocysts, paralleled by increasing structural perturbation seen under phase contrast. As reported, for a certain time period these effects might be reversible (Busch and Satir, 1989; Garofalo and Satir, 1984) . and axenic cells are somewhat less sensitive to w-induced cell damage in the presence of AO.
An H' pump has been postulated to be present in the trichocyst membrane (Busch and Satir, 1989) . Therefore, it is surprising that A 0 fluorescence is maintained over long time periods, in the absence of ATP, in cell fragments and in intact isolated trichocysts. Additional ATP (+Mg2+) did not change the result (Table 1) .
As summarized in Table 1, no effect was achieved, with regard to the condensation state and to A 0 trapping, when we applied the commonly used neutralizing agent NH4CI (NH3 trapped as NH4' after protonation) or some cation/H'-exchange inhibitors, as well as Na' or K' exchangers or ionophores. Monensin ( Figure  4b ), a commonly used Na'/H' -ionophore (Maxfield, 1982) and the (concentration-dependent) Na'/H'or Na'/Ca2'-exchange blocker amiloride (Garty and Benos, 1988; Aronson, 1985) , as well as its more specific dimethyl derivative (Vigne et al., 1984) also had no effect on morphology and A 0 staining of trichocysts. The same was true for doxorubicin which blocks different cation pumps (Olson et al., 1988) , the monovalent cationophore gramicidin A (Bamberg et al., 1976) , and the selective K' ionophore valinomycin (Pressman, 1976; Finkelstein and Cass, 1968) . Owing to possible pleiotropic effects of many drugs, these were generally used in widely different concentrations, down to micromolar.
Only Ca2' ionophores X537A and A23187, incorporated into trichocyst membranes and followed by addition of CaClz, cause trichocyst contents to decondense. This supports our previous data that contact of trichocyst contents with sufficiently high Ca2' concentrations causes decondensation (Matt and Plattner, 198 3; Bilinski et al., 1981) . Decondensation is only partial, probably because the membrane envelope does not allow for full decondensation (Figure 4c ; Table 1 ).
We should emphasize that our experiments with drugs do not disprove the existence of some ion transport mechanisms, mainly for two reasons: (a) our experiments were designed to analyze only the final effects of drugs on trichocyst contents; and (b) for any of the drugs used, the possible effects on transport systems present in trichocyst membranes has not yet been analyzed. The effects might be different from those that occur with the transport systems analyzed so far.
Since A23187 acts as a Ca2+/H+ antiporter (Kauffman et al., 1980; Pressman, 1976; Reed, 1976) with negligible transport of other monoor bivalent cations (Liu and Hermann, 1978; Pressman, 1976) , its decondensation effect could theoretically also be due to alkalinization of the trichocyst lumen. However, this is an unlikely explanation, since a pH below 5.5 is required to inhibit trichocyst decondensation (Matt and Plattner, 1983) , while trichocrjts expanding within their envolope continue to fluoresce in our experiments with A231287 + Ca*+. A low pH of this range can easily be recognized in other secretory organelles by A 0 fluorescence (see Introduction) and is abolished under neutralizing conditions, opposite to our findings. In Paramecium an acidic pH can be documented only for the lysosomal system (Fok and Allen, 1988;  Allen and Fok, 1983 ), as we can confirm (Figure 1) . This was established not only by A 0 trapping (Allen and Fok, 1983;  and the present study), but also by pH-dependent peroxidase inactivation (Fok and Allen, 1988) . Therefore, only for the lysosomal system can a low pH reasonably be assumed, while use of still other pH assays (as frequently done with other systems) would contribute little new information, since all our evidence clearly shows that A 0 staining of trichocysts does not occur on a metabolic basis.
Therefore, we conclude that A 0 trapping in trichocysts is artificial and that trichocysts are not maintained in a condensed state by low organellar pH. The mechanism of condensation and the occurrence of ion transport mechanisms in trichocyst membranes have yet to be analyzed.
